The activity of bc 1 complex kinase (ABC1K) family is a large group of atypical protein kinases found in prokaryotes and eukaryotes. In bacteria and mitochondria, ABC1K kinases are necessary for the synthesis of coenzyme Q and are therefore involved in the respiratory pathway. In chloroplasts, they are involved in prenylquinone synthesis and stress responses, but their functional role remains unclear. Plants can respond to biotic and abiotic stress by modifying membrane fluidity in order to create a suitable environment for the activity of integral membrane proteins. Therefore, this work was focused on the analysis of the effect of ABC1K7 and ABC1K8 on the production of polar lipids and their accumulation in Arabidopsis thaliana leaves. A comparison of abc1k7 and abc1k8 single mutants and the abc1k7/abc1k8 double mutant with wild-type plants and transgenic lines overexpressing ABC1K7 and ABC1K8 was performed using untargeted lipidomic analysis based on liquid chromatography coupled to mass spectrometry. Multivariate data analysis identified sets of chloroplast lipids representing the different genotypes. The abc1k7 and abc1k8 single mutants produced lower levels of the highly unsaturated lipid digalactosyldiacylglycerol (DGDG) than wild-type plants and also different forms of monogalactosyldiacylglycerol (MGDG) and kaempferol. The abc1k8 mutant also produced higher levels of oxylipin-conjugated DGDG and sinapates. The double mutant produced even higher levels of oxylipin-conjugated MGDG and DGDG. These results show that ABC1K7 and ABC1K8 influence chloroplast lipid synthesis or accumulation and modulate chloroplast membrane composition in response to stress.
Introduction
The activity of bc 1 complex kinase (ABC1K) family is a large group of atypical protein kinases found in prokaryotes and eukaryotes, featuring a conserved ABC1 motif unique to the ABC1K kinase domain (Leonard et al. 1998) . In Saccharomyces cerevisiae, the product of the ABC1 gene (standard name COQ8) promotes the synthesis of coenzyme Q, which is necessary for respiration (Bousquet et al. 1991 , Do et al. 2001 , Tauche et al. 2008 . Similarly, ABC1K proteins are essential for the synthesis of coenzyme Q in bacteria and the mitochondria of higher eukaryotes, thereby facilitating the activity of respiratory electron transport and providing a source of antioxidants (Poon et al. 2000 , Iiizumi et al. 2002 , Mollet et al. 2008 . In chloroplasts, ABC1K proteins are involved in stress responses but their precise role is unclear (Jasinski et al. 2008 , Wang et al. 2011 , Gao et al. 2010 , Gao et al. 2011 , Manara et al. 2014 .
The Arabidopsis thaliana genome contains 17 genes encoding ABC1K proteins, several of which have been characterized (Jasinski et al. 2008 , Lundquist et al. 2012a ). The first to be identified was ABC1At, a homolog of the yeast ABC1 gene which was isolated by functional complementation of the yeast abc1 -mutant (Cardazzo et al. 1998 ). The protein is localized in the mitochondria and partially restores the respiratory deficiency in the mutant yeast strain (Cardazzo et al. 1998) . In contrast, AtOSA1 (oxidative stress-related Abc1-like protein) is localized in the chloroplasts and it does not complement the yeast abc1 -mutant, suggesting functional divergence from ABC1At (Jasinski et al. 2008 ). Its function is likely to be stress related because the AtOSA1 gene is induced by cadmium and responds to oxidative stress (Jasinski et al. 2008 , Manara et al. 2014 . AtACDO1 (ABC1-like kinase related to chlorophyll degradation and oxidative stress) is also localized in the chloroplasts, and is involved in photo-oxidative stress tolerance and Chl degradation (Yang et al. 2012a ). Proteomic analysis of the A. thaliana plastoglobule identified six ABC1K proteins which are thought to be required for the synthesis and storage of prenylated molecules such as plastoquinone, phylloquinone and tocopherols (Ytterberg et al. 2006 , Lundquist et al. 2012b ). The detailed characterization of two of these proteins, ABC1K1 and ABC1K3, suggested that they form a complex, and abc1k1/ abc1k3 double mutants have a senescence-like phenotype under strong illumination as well as a modified prenylated lipid composition (Lundquist et al. 2013 , Martinis et al. 2013 . Enzymes involved in jasmonate biosynthesis and Chl degradation were also induced in the plastoglobules of the abc1k1/ abc1k3 double mutant, including lipoxygenases (LOXs), an allene oxide synthase (AOS) and an allene oxide cyclase (AOC) (Lundquist et al. 2013) .
We previously studied the physiological functions of two A. thaliana ABC1K proteins, the above-mentioned AtOSA1 and the closely related homolog AtSIA1 (salt-induced ABC1 kinase 1) (Manara et al. 2014) . A standardized nomenclature with designations for ABC1K proteins in A. thaliana, rice (Oryza sativa) and maize (Zea mays) was proposed based on phylogenetic analysis of the angiosperm ABC1K family (Lundquist et al. 2012a) . We have adopted this nomenclature herein and thus refer to AtSIA1 and AtOSA1 by their standardized names ABC1K7 and ABC1K8, respectively. ABC1K7 and ABC1K8 have been shown to affect the distribution of iron within the chloroplast, based on the fact that abc1k7 and abc1k8 and the abc1k7/abc1k8 double mutant have lower iron levels in the thylakoid compartment and Cyt b 6 f complex compared with wild-type plants (Manara et al. 2014) . These mutants also accumulate ferritin and superoxide, and are less tolerant towards reactive oxygen species (ROS), suggesting that ABC1K7 and ABC1K8 mediate the response to oxidative stress. Finally, liquid chromatography-mass spectrometry (LC-MS) analysis revealed that the mutants accumulate higher levels of plastochromanol and plastoquinones than wild-type plants, but only abc1k7 plants developed larger plastoglobules associated with higher levels of the VTE1 protein and the accumulation of a-and g-tocopherol. These data suggest that ABC1K proteins help to regulate the chloroplast prenylated lipid composition and oxidative stress responses.
Plants have evolved diverse stress response strategies including the modification of membrane fluidity to create a suitable environment for the activity of integral membrane proteins. Membrane fluidity reflects the balance between saturated and unsaturated fatty acids, and the most abundant polyunsaturated fatty acids (PUFAs) are linolenic (18:3), linoleic (18:2) and hexadecatrienoic (16:3) acids, which are stored as galactolipids in chloroplast membranes (Moellering and Benning 2011) . To survive low temperatures, plants increase the proportion of PUFAs in the chloroplast membrane, whereas the converse applies at higher temperatures (Iba 2002) . Drought stress also affects the fatty acid composition, e.g. in rapeseed plants it reduces the proportion of linolenic acid in monogalactosyldiacylglycerol (MGDG) and the proportion of linoleic acid in phospholipids (Daklma et al. 1995) . The loss of PUFAs during stress reflects the up-regulation of fatty acid desaturase expression at the levels of transcription and translation (Berberich et al. 1998 , Horiguchi et al. 2000 .
The galactolipid content of plants is also modulated by stress; the synthesis and accumulation of MGDG and digalactosyldiacylglycerol (DGDG) are particularly affected during stresses (Dörmann 2010) . For example, exposure to ozone suppresses the production of MGDG and other galactolipids compared with phospholipids, and thus reduces the MGDG/ DGDG ratio (Sakaki et al. 1994) . Similar modifications occur in response to dehydration and nitrogen deprivation, and during senescence (Gaude et al. 2007 , Torres-Franklin et al. 2007 , Seltmann et al. 2010 . Lipases induced by stress cause the release of fatty acids (particularly a-linolenic acid) from membranes, and these may act as stress signals. Finally, the activation of LOX and the production of ROS contribute to the oxidation of these free fatty acids, and the oxygenated derivatives are known as oxylipins (Upchurch 2008) .
LC-MS was used to analyze the effect of ABC1K7 and ABC1K8 on polar lipid synthesis and accumulation in A. thaliana leaves to gain insight into the role of these kinases during stress responses. Untargeted lipidomic analysis in abc1k7 and abc1k8 mutants, abc1k7/abc1k8 double mutants, wild-type plants and transgenic lines overexpressing ABC1K7 and ABC1K8 was followed by multivariate analysis to identify different sets of chloroplast lipids representing the different genotypes. We found that ABC1K7, and more so ABC1K8, affect chloroplast lipid synthesis or accumulation and therefore participate in the modulation of chloroplast membrane composition under stress.
Results

Untargeted metabolomics analysis by LC-MS
The polar lipid composition of rosette leaves from the abc1k7 and abc1k8 mutants, the abc1k7/abc1k8 double mutant, wildtype and overexpressing plants was compared using an untargeted metabolomics approach based on HPLC-atmospheric pressure chemical ionization (APCI)-MS analysis. An untargeted method was chosen to identify all quantifiable differences between the genotypes although this approach reduces the precision of quantification. Therefore, the experiments yielded a relative comparison of the metabolite levels in the different samples rather than precise absolute measurements. A broad data matrix comprising 464 signals (m/z features) was extracted from the raw chromatography data (Supplementary Table S1 ) and analyzed using multivariate statistics [principal component analysis (PCA) and orthogonal projections to latent structures discriminant analysis (O2PLS-DA)]. Tandem mass spectrometry (MS/MS) and MS 3 analyses were carried out separately to allow the annotation of metabolites based on fragmentation trees. The untargeted approach resulted in the systematic tentative annotation of all the detected signals.
Secondary metabolites (sinapates and kaempferol derivatives) as well as lipids such as MGDG, DGDG, phospholipids and pheophytins were detected (Fig. 1A) . MGDG and DGDG were by far the most abundant metabolites in the chromatogram and their annotation was based on the previous investigation of the fragmentation pattern of some commercial standards. For both MGDG and DGDG, the predominant ion was M+HCOOH-1 corresponding to the formic adduct (Fig. 1B, C) , whereas the molecular ion was barely detectable for MGDG. The fragmentation of MGDG typically generated the M-1 fragment, corresponding to the molecular ion, the M-FA1-1 and M-FA2-1 fragments, resulting from the loss of fatty acids 1 and 2 (FA1, FA2), and two fragments equivalent to the fatty acids (Fig. 1B , D, F). We also detected a minor fragment of 253 Da corresponding to galactosylglycerol. The fragmentation of DGDG typically generated the M-1 fragment, corresponding to the molecular ion, the M-FA1-1 and M-FA2-1 fragments, and a 379 Da fragment corresponding to digalactosylglycerol (Fig. 1C , E, G). The tentative annotation of these lipids is summarized in Supplementary Table S1 , and the mass spectra that support the annotations are reported in Supplementary Fig.  S2 . Among the molecules described above, those generating fragments representing oxylipins [291, 309, 263 and 295 Da, corresponding to 12-oxo-phytodienoic acid (OPDA), 18C ketol, dinor-oxo-phytodienoic acid (dnOPDA) and hydrogenated OPDA (18:2-O), respectively] eluted first and were prominent as molecular ions in the mass spectrum instead of the formic adduct. Some PE (phosphatidylethanolamine) and PG (phosphatidylglycerol) and secondary metabolites were tentatively annotated based on a comparison with the literature and authentic standards; however, the analytical method was not optimized for these latter molecules, that eluted as wide chromatographic peaks; this resulted in multiple m/z features in the data matrix (Supplementary Table S1 ).
Some of the detected lipids with the fragmentation patterns described above also generated an unidentified 323 Da hydrophobic chain, which in turn fragmented to give the typical 291 Da OPDA, plus a series of fragments (165, 219, 247 and 273 Da products) exactly corresponding to those fragmentation products generated by OPDA. This hydrophobic chain was therefore considered a potential OPDA derivative, and MGDG and DGDG molecules containing this fragment were tentatively annotated as oxylipins ( Supplementary Fig. S1 ). The final data matrix comprised 220 identified signals (secondary metabolites and lipids, plus their isotopes and fragments), and 244 unidentified signals (Supplementary Table S1 ).
Characterization of the abc1k7, abc1k8 and abc1k7/abc1k8 mutants Once the metabolites were tentatively annotated, the data matrix was processed by PCA and O2PLS-DA. First, the metabolic phenotypes of the abc1k7 and abc1k8 single mutants were compared with those of wild-type plants and transgenic lines overexpressing ABC1K7 and ABC1K8 by unsupervised PCA (Fig. 2) . This analysis roughly separated the single abc1k7 and abc1k8 mutants from the wild type and OX-ABC1K7 and OX-ABC1K8 overexpressing lines along the first two components.
The biochemical phenotypes of the abc1k7 and abc1k8 mutants were compared with those of wild-type plants in more detail by building and validating three O2PLS-DA models: M1 (abc1k7 vs. the wild type), M2 (abc1k8 vs. the wild type) and M3 (abc1k7 vs. abc1k8). The models were compared using SUS (shared and unique structures) plots (Wilkund et al. 2008 ) to find shared and unique features (Fig. 3A) . The aim of this kind of analysis is to find shared as well as unique features between different models. SUS analysis allowed identification of metabolites whose abundance varied in the same direction in two combined models (shared structure) and which therefore represented the positive markers (shared structure in the same direction) and negative markers (shared structure but in opposite directions) of the mutant and wild-type plants. In the combined loading plots (Fig. 3) , the metabolites highlighted in blue are typically present at higher levels in wild-type plants in comparison with the two single mutants, whereas those highlighted in green and red are typically present at higher levels in the abc1k8 and abc1k7 mutants, respectively. Few metabolites were specifically enriched in the abc1k7 mutant although several were specifically depleted, as highlighted in black. The positive metabolic markers of wild-type plants tended to be negative markers of both single mutants. The metabolic markers are summarized in Table 1 and their relative levels in wildtype plants and the abc1k7, abc1k8 and double mutants are shown in Fig. 4 . In these plots, the metabolites are classified according to their putative annotations and relative abundance in the mutants and wild-type plants. The abc1k7 and abc1k8 mutants shared some alterations when compared with wildtype plants, including the low level of highly unsaturated DGDG (18:3, 18:2), oxylipin-containing MGDGs, various other MGDGs and kaempferol-O-hexose-desoxyhexose. The abc1k8 mutant accumulated more DGDG (18:3, 16:3) , DGDG (18:3, 16 :2), oxylipin-containing DGDGs (OPDA and dnOPDA) and sinapates than wild-type plants, whereas the abc1k7 mutant accumulated lower levels of these lipids than wild-type plants. Supplementary Table S1 .
The abc1k7 mutant also accumulated more MGDG (18:3, 16:0) than the abc1k8 mutant. These features were conserved but not enhanced in the double mutant plants, reflecting the nonredundant functions of ABC1K7 and ABC1K8. The OX-ABC1K7 and OX-ABC1K8 transgenic plants were able to complement the mutant phenotype partially (data not shown).
The potential overlapping functions that could be masked in the single mutants were investigated by creating an O2PLSA-DA model to compare the abc1k7/abc1k8 double mutant and wild-type plants (M4; Fig. 5 ). The metabolites that separate these genotypes are listed in Table 1 and the histogram plots are shown in Fig. 4 . This comparison confirmed some of the trends noted above, reflecting particular features of the single mutants (such as the low levels of DGDG, MGDG and kaempferol and the higher level of sinapates), that merely reflected specific features of the single mutants. However, the extremely high levels of oxylipin-containing MGDG and DGDG were unique to the double mutant.
Transcriptomic analysis
The lower levels of MGDG and DGDG in the mutant lines must reflect changes in the rates of lipid biosynthesis or degradation, so we measured the mRNA levels of the three different MGDG synthases (MGD1, MGD2 and MGD3) that use UDP-Gal and diacylglycerol to form MGDG. MGD1 is an inner envelopeassociated protein catalyzing the last step in the biosynthesis of most MGDG in green tissues (Moellering and Benning 2011) . Despite the lower MGDG content in the mutants, the level of MGD1 mRNA was significantly higher (particularly in the abc1k8 mutant) compared with wild-type plants (Fig. 6A) . MGD2 and MGD3 are located in the outer chloroplast envelope and are involved in MGDG biosynthesis under phosphate limitation and in non-photosynthetic tissues (Awai et al. 2001) . MGD2 was down-regulated in the mutant plants, reflecting the reduced levels of MGDG, whereas MGD3 expression was reduced only in the double mutant (Fig. 6A) .
The expression of DGD1 and DGD2, which encode two DGDG synthases located in the chloroplast outer envelope, has been evaluated. DGD1 is responsible for constitutive DGDG biosynthesis, whereas DGD2 is induced by phosphate deficiency (Dörmann et al. 1999, Kelly and Dörmann 2002) . We found that both mRNAs were more abundant in the abc1k8 mutant compared with wild-type plants, but they were less abundant in the abc1k7/abc1k8 double mutant (Fig. 6B) . The higher expression of DGD1 and DGD2 in the abc1k8 mutant correlated with the identification of DGDG as a positive metabolic marker for this genotype.
The higher level of OPDA-conjugated MGDG detected in the abc1k7, abc1k8 and abc1k7/abc1k8 double mutants was investigated by measuring the expression of LOX1, AOS1 and AOC, all of which promote the synthesis of OPDA. In A. thaliana, OPDA is esterified with galactolipids to produce arabidopsides (Dave and Graham 2012) . In this analysis, a significant increase in the levels of LOX1 and AOC1 mRNA in the abc1k8 mutant was observed, but no significant differences in AOS expression were detected (Fig. 7) .
Discussion
Biological membranes are principal sites for the perception of environmental stresses such as drought, salinity, chilling, freezing and high temperatures, and exposure to stress results in Fig. 3 (A) SUS analysis combining three validated O2PLS-DA models (M1, abc1k7 vs. the wild type; M2, abc1k8 vs. the wild type; and M3, abc1k7 vs. abc1k8). Blue highlighted zone, metabolites typical of wildtype leaves; green highlighted zone, metabolites typical of the abc1k8 mutant; red highlighted zone, metabolites typical of the abc1k7mu-tant; black highlighted zone, metabolites that are not present in the abc1k7 mutant. (B) Table summarizing the features of the three O2PLS-DA models. compensatory changes to the membrane lipid composition (Daklma et al. 1995 , Iba 2002 , Dörmann 2010 . Galactolipids and sulfolipids are polar glycoglycerolipids that lack phosphate groups, and they are prominent features of the thylakoid and envelope membranes in chloroplasts. In particular, chloroplast membranes contain the galactolipids MGDG and DGDG (featuring one and two galactose molecules, respectively) which are necessary for photosynthesis and the correct organization of the thylakoid membrane (Dörmann et al. 1995) . Galactolipid turnover is modulated by stress, e.g. phosphate deprivation causes phospholipids to be replaced with glycolipids such as DGDG in the chloroplast membranes (Härtel et al. 2000) and also in the mitochondrial and plasma membranes (Andersson et al. 2003 , Jouhet et al. 2004 ). Both nitrogen deficiency and senescence induce MGDG depletion and a slight increase in the level of DGDG (Gaude et al. 2007 ). Moreover, the exposure of Capsicum annuum to cadmium reduces the MGDG content of leaves, leading to a decline in the MGDG/DGDG ratio (Jemal et al. 2000) . MGDG degradation in the thylakoid membrane leads to the accumulation of free phytol and fatty acids, which form plastoglobules (Gaude et al. 2007 ). The lower levels of MGDG and DGDG in leaf extracts from abc1k7, abc1k8 and the abc1k7/abc1k8 double mutant suggests that ABC1K7 and ABC1K8 are required for the synthesis or accumulation of these galactolipids in the chloroplasts. These mutants are also more sensitive to oxidative stress, which correlates with the increased accumulation of ROS (Manara et al. 2014) . Among the ROS which typically accumulate upon a variety of stresses and play important roles in plant stress responses (Sattler et al. 2006) , free radicals (such as the superoxide anion radical, O 2 Á -) are able to oxidize PUFAs directly, generating biologically active oxylipins (Zoeller et al. 2012) . Interestingly, abc1k7, abc1k8 and the abc1k7/abc1k8 double mutant showed an increased amount of O 2 Á - (Manara et al. 2014) , which might be responsible for the lower levels of MGDG and DGDG in mutant leaf extracts. Such enhanced ROS content is counteracted by an increased amount of a-tocopherol in abc1k7, abc1k8 and abc1k7/abc1k8 (Manara et al. 2014) , due to its ROS-scavenging activity (Yang et al. 2012b ). On the other hand, the peroxidation of PUFAs in the thylakoid membrane may also be catalyzed enzymatically by the LOX enzyme, also generating oxylipins, which are in turn converted to OPDA by AOS and AOC (Lundquist et al. 2013 ). Other than being important signaling molecules in biotic and abiotic stress (Eckardt 2008) , oxylipins are also involved in multiple developmental processes, including pollen maturation, tuber and trichome formation, and seed germination (Wasternack 2007) . OPDA, for instance, is transported from the plastid to the peroxisome, where it is converted to the hormone jasmonic acid (Hisamatsu et al. 2005) . Recently, it was demonstrated that OPDA can also induce jasmonateindependent signaling pathways (Dave and Graham 2012) . In A. thaliana, OPDA occurs not only in its free form but also as galactolipid conjugates in the thylakoid membranes, forming cyclo-oxylipin-galactolipids known as arabidopsides (Stelmach et al. 2001 , Hisamatsu et al. 2003 , Hisamatsu et al. 2005 , Andersson et al. 2006 , Nakajyo et al. 2006 , Kourtchenko et al. 2007 ). These esterified oxylipins provide a reservoir of OPDA for signaling and jasmonate synthesis, and can also be recruited to the thylakoid membrane after wounding or during the hypersensitive response to pathogens (Buseman et al. 2006 , Kourtchenko et al. 2007 ).
In comparison with the wild-type plants, the lipid extracts from abc1k8 and abc1k7/abc1k8 leaves were enriched in galactolipids containing esterified OPDA, and this may be due to both the higher expression of LOX and AOC1, as in abc1k8, and the increased ROS content, as in abc1k8 and abc1k7/abc1k8 (Manara et al. 2014) . Their enrichment, particularly in the double mutant abc1k7/abc1k8, suggests that the loss of both ABC1K7 and ABC1K8 makes the plants highly sensitive to oxidative stress and supports the hypothesis that both proteins are active in the ROS response pathway (Manara et al. 2014) . In addition all the three mutant lines, abc1k7, abc1k8 and abc1k7/ abc1k8, showed a senescence-like phenotype, including reduced Chl levels and the induction of a senescence-associated transcript (SAG12) in response to ABA (data not shown). This phenotype may also reflect the accumulation of OPDAcontaining galactolipids, as demonstrated in oat leaf segments, which are induced to undergo senescence upon treatment with arabidopside A (an MGDG derivative containing cis-OPDA esterified at the sn-1 position and dnOPDA at the sn-2 position) . Because the majority of OPDA and dnOPDA is esterified to galactolipids, these conjugated galactolipids may allow the storage of reactive oxylipins that participate in lipolytic reactions once released (Böttcher and Weiler 2007) . Free OPDA may act synergistically with ABA to inhibit germination and regulate stomatal closure (Dave et al. 2011 , Savchenko et al. 2014 . Interestingly, the phenotype of abc1k7, abc1k8 and the abc1k7/abc1k8 double mutant also includes a low germination rate and increased stomatal closure following treatment with ABA (data not shown), which may therefore reflect the greater abundance of OPDA-esterified galactolipids in these mutant lines. An in-gel protein kinase assay allowed the detections of a chloroplast envelope protein kinase which is not present in abc1k8 mutant isolated envelope membranes, pointing to a likely kinase activity for ABC1K8 (Jasinski et al. 2008) . Despite this, no target for this putative kinase activity has been found up to now. In S. cerevisiae, a chaperone-like activity was proposed for the ABC1 gene product, involved in the maintenance of the proper conformation and efficient functioning of the mitochondrial bc 1 complex (Brasseur et al. 1997 , Cardazzo et al. 1998 . However, such chaperone-like activity could not be proven in plants, and new evidence presented did not support the theory that ABC1 functions as a chaperone for Cyt b (Hsieh et al. 2004) . The mechanism of action of ABC1 proteins is still a matter of debate and requires further investigation. In conclusion, our data suggest that ABC1K7 and ABC1K8 may mediate stress responses by controlling the cellular redox state and, directly or indirectly, the production of oxidized compounds, which influences the composition of chloroplast glycolipids. Indeed, the modulation of glycerolipid composition has been demonstrated in plants as a rapid adaptation to several forms of abiotic stress, including drought, high temperatures and phosphate deprivation (Härtel et al. 2000 , Gigon et al. 2004 , Chen et al. 2006 . Real-time RT-PCR analysis of expression of (A) MGD1, MGD2 and MGD3; and (B) DGD1 and DGD2 in the leaves of wild-type (wt), mutant and overexpressing plants. Each value represents the mean ± SE. Significant differences relative to the wild type are shown as follows: *P < 0.05 and **P < 0.01. Each value represents the mean ± SE. Significant differences relative to the wild type are shown as follows: *P < 0.05 and **P < 0.01.
Materials and Methods
Plant materials and growth conditions
Arabidopsis thaliana abc1k8 mutant seeds (GABI_132G06) were kindly provided by Professor E. Martinoia (University of Zurich, Switzerland) (Jasinski et al. 2008) . The abc1k7 mutant (SALK_020431), the abc1k7/abc1k8 double mutant and overexpressing lines OX-ABC1K7 and OX-ABC1K8 were described previously (Manara et al. 2014) . OX-ABC1K7 and OX-ABC1K8 overexpressing plant lines were used as complemented lines to confirm differences observed between mutants and wild-type plants.
Mutant, overexpressing and wild-type A. thaliana Col-0 seeds were sown in Petri dishes on water-soaked Whatman filter paper and incubated for 3 d at 4 C in the dark. Plants were grown in soil in a growth chamber under controlled conditions (16 h light/8 h dark, 22 C/18 C day/night temperature, 100-120 mmol m À2 s À1 day time illumination).
Lipid extraction
Rosette leaves from 4-week-old plants (100 mg) were ground in liquid nitrogen and the polar lipids were extracted in 0.5 ml of methanol. After vortexing, the samples were incubated for 15 min in an ultrasonic bath at 40 kHz (Falc Instruments) and for a further 15 min at room temperature before centrifuging at 14,000 Â g for 15 min to remove cell debris. The supernatants were stored at -20 C, and were filtered through Minisart Õ RC4 0.2 mm filters (Sartorius) before further analysis.
LC-MS, metabolite annotation and data analysis
LC-MS analysis was carried out using a Beckman Coulter Gold 127 HPLC system (Beckman Coulter) coupled online with a Bruker ion mass spectrometer Esquire 6000 (Bruker Daltonik GmbH) equipped with an APCI source. Metabolites were separated on an analytical Alltima HP C18 column (150 Â 2.1 mm, particle size 3 mm) equipped with a C18 guard column (7.5 Â 2.1 mm) both purchased from Alltech Associates Inc. The lipids were separated in a mixture of solvent A [1% (v/v) formic acid, 5% (v/v) acetonitrile in water] and solvent B (100% acetonitrile). A solvent gradient was established from 0% to 70% solvent B in 10 min, from 70% to 100% solvent B in 30 min, and the remainder at 100% B for 50 min. Each 30 ml sample was analyzed in triplicate at a flow rate of 200 ml min À1 with a 20 min equilibration step between samples. MS data were collected using Esquire Control v5.2 and processed using Esquire-Data Analysis v3.2 (Bruker Daltonik GmbH). Negative and positive ion mass spectra were recorded in the range 50-3,000 m/z (full scan mode, 13,000 m/z s À1 ). Nitrogen was used as the nebulizing gas (50 p.s.i., 350 C) and drying gas (5 l min À1 ). Helium was used as the collision gas. The vacuum pressure was 1.4 Â 10 À5 mbar. The other parameters were set as follows: trap drive, 39.7; octopole radio frequency amplitude, 171 Vpp; lens 2.60 V; Capillary exit, 121 V; dry temperature, 350 C; APCI temperature, 450 C; HV capillary, 4,000 V; HV end-plate offset, -500 V.
To support metabolite annotation, negative and positive MS/MS and MS 3 spectra were recorded in the range 50-3,000 m/z, with the fragmentation amplitude set at 1 V. Secondary metabolites were identified by comparing the retention times, m/z values and fragmentation patterns (MS/MS and MS 3 ) with an in-house spectrum library based on commercial authentic standards and with published spectra. For lipid identification, the m/z values and fragmentation patterns were compared with those reported in the literature. Commercial mixtures of thylakoid lipids were also used to evaluate the pattern of lipid fragmentation (Avanti Polar Lipids, Inc.).
Chromatogram data were extracted and aligned using MZmine (http:// mzmine.sourceforge.net) and the resulting data were imported into a Microsoft Excel data sheet for analysis with SIMCA-P + v12.0 (Umetrix AB). Pareto scaling was applied to all analytical methods. The data matrix was initially analyzed by PCA, then O2PLS-DA in which the treated or control samples were imposed as Y classes. The resulting O2PLS-DA models were crossvalidated using a permutation test (200 permutations) and one-way analysis of variance (ANOVA; P < 0.01). To determine which metabolites contributed to class separation, we used the pq(corr) parameter, i.e. the correlation between p (based on the X component of the model, the metabolites) and q (based on the Y component of the model, the sample classes). SUS analysis was also performed comparing previously validated O2PLS-DA models.
Real-time RT-PCR
Real-time reverse transcription-PCR (RT-PCR) was carried out using an ABI PRISM Õ 7000 Sequence Detection System (Applied Biosystems) with GoTaq Õ qPCR Master Mix (Promega). Each triplicate reaction comprised 40 amplification cycles, and melting curve analysis was used to confirm the amplification of specific targets. Quantitative data were normalized to the two endogenous reference genes -actin (At5g09810) and ubiquitin 10 (At4g05320) ( Table 2) . The 2 -ÁÁCT method was used for the analysis of relative gene expression levels (Livak and Schmittgen 2001) . The abundance of MGD1 (At4g31780), MGD2 (At5g20410), MGD3 (At2g11810), DGD1 (At3g11670), DGD2 (At4g00550), LOX1 (At1g55020), AOS (At5g42650) and AOC1 (At3g25760) mRNAs was measured using the primers listed in Table 2 . The efficiency was predicted using LinReg PCR v2012.2 (Ramakers et al. 2003) .
Statistical analysis
The statistical significance of real-time RT-PCR and metabolite quantification data was evaluated by ANOVA, with significant differences indicated as follows: *P < 0.05; **P < 0.01.
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